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INTRODUCTION
In recent years there has been an increased focus on sustainable development, with world leaders endeavouring to reduce anthropogenic environmental impacts such as climate change.
The Climate Change Act (2008) saw the UK Government committing to a legally binding target of a 34% reduction of greenhouse gas emissions/ CO 2eq by 2020 on 1990 levels and an 80% reduction of greenhouse gas emissions / CO 2eq by 2050 on 1990 levels. In order to achieve these ambitious targets, CO 2 emissions from sectors such as industry, transport and construction have been quantified with the required reductions presented in numerous Government strategies. The energy use of the housing sector is the source of over a quarter of total annual UK CO 2 emissions (Energy Saving Trust, 2010) . The Energy Performance of Buildings Directive (2010) Communities & Local Government, 2010; Northern Ireland Housing Executive, 2008) . In order to achieve the 80% reduction by 2050 the majority of housing will have to achieve above a 'B' energy efficiency rating, which means achieving a minimum SAP rating of 81.
Studies have been conducted with varying underlying assumptions such as population growth and housing stock turnover by BRE and the Environment Agency, amongst others to compare methods of improving the housing stock as per recommendations by the Sustainable Development Commission. These methods may broadly be categorised as supporting solutions with increased rates of demolition and new build or high quality retrofitting of existing homes. These studies have been summarised by Environmental Change Institute (2006) and Power (2008) , which also debate their merits and highlight weaknesses for those interested in further reading. However, the main limitation of these studies is that a systematic assessment of the environmental performance and potential energy savings of the two solutions has not been carried out. In a research project at Queen's University Belfast, this was given emphasis, the results of which are summarised in this paper, so that a well informed and an appropriate strategy to achieve the goal of an 80% reduction in CO 2 by 2050 could be developed.
An introduction to the life cycle assessment (LCA) framework, a methodology whose application is becoming prevalent for the evaluation of environmental impacts and sustainability, particularly within the EU (http://lct.jrc.ec.europa.eu/index_jrc), is outlined. This is followed by the description of the two case studies that formed the basis of the analysis with the life cycle stages of assembly, operation and end of life disposal discussed and analysed. The results are then compared to draw conclusions on the environmental impact and potential energy savings by 2050.
LIFE CYCLE ASSESSMENT

Life cycle assessment background
The life cycle assessment (LCA) methodology allows for the quantification of consumed resources, emissions and environmental impacts of a product. LCA considers the entire life cycle of a product, examining the extraction of resources, manufacturing process, use and eventual disposal. LCA is internationally standardised through the ISO 14040 series, however these were lacking in technical detail and gave LCA practitioners a wide range of choices.
The ISO were supplemented by best practice developed by the Society of Environmental Toxicology and Chemistry and currently the International Reference Life Cycle Data System is being developed to create a robust, consistent and prescriptive framework with greater quality assurance (EC JRC, 2010).
Life cycle assessment methodology Figure 1 -Life cycle assessment process, adapted from ISO14044
Life cycle assessment consists of four steps which are described in ISO 14044; goal and scope definition, life cycle inventory analysis (LCI), life cycle impact assessment (LCIA), and life cycle interpretation which are shown in Figure 1 . Goal definition specifies the purpose of undertaking and intended audience whilst the scope definition specifies the system boundaries and the functional unit. The second step is LCI, which quantifies the amount of materials and energy consumed in the product manufacturing and the resultant waste by products and emissions. The potential environmental impact associated with inventory results is calculated in the LCIA stage.
Life cycle impact assessment consists of two procedures, which are mandatory; selection of impact categories and classification and characterisation, and two optional procedures namely normalisation and weighting as outlined in Guinée et al., (2002), and ILCD (2010) , amongst others. Environmental damages can be classified into impact categories at midpoint or endpoint level. The process in which an emission from a product becomes an environmental impact is referred to as an environmental mechanism (Guinée et al., 2002) . A midpoint impact occurs at some point along the environmental mechanism and represents the direct negative effect on the environment such as eutrophication and climate change. Endpoint impact is taken at the end of mechanism and are damage orientated indicators corresponding to damage to human health or ecosystem (Goedkoop et al., 2009) . Using multiple midpoint impact categories allows for greater detail on the environmental damage, but endpoint damage orientated indicators may be aggregated into single scores which are easier for nonexperts to interpret and understand. There are many impact assessment midpoint and endpoint methods available, such as CML, Impact 2002+, TRACI and EcoIndicator. A gathering of LCA experts in the year 2000 concluded with a consensus that a common framework of impact assessment that presented results at midpoint and endpoint level was required. The resulting method, ReCiPe, was developed, building on the Eco-indicator 99 and CML methods and harmonises modelling principles and choices (Goedkoop et al., 2009 The cultural perspective theories of risk by Thompson, 1990 , as explained in (Goedkoop et al., 2009 ) are used to deal with any uncertainties related to the environmental mechanisms, with three methods available grouping assumptions and choices; viz. egalitarian, hierarchist and individualist. The egalitarian perspective considers a time scale that is extremely long term. Any substance with an indication of ill effect included and damages are considered to be unavoidable and may lead to catastrophic events. The hierarchist perspective considers a long term time scale. Substances are included if there is scientific consensus regarding their ill effect and damages may be avoided with good management. The individualist perspective considers a short-term timescale (≤100 years) with substances only included if there is complete proof of their ill effect. Damages are assumed to treatable by economic and technological development.
As such the ReCiPe LCIA method was used in this study at midpoint and endpoint levels.
The hierarchist perspective was selected with an average weighting set as it is the most scientifically and politically accepted method and has been used previously in construction LCA (Blengini & Di Carlo, 2010 (b); De Gracia et al., 2010 
Use of life cycle assessment in construction
A life cycle assessment of a building generally consists of examining the building in three stages; assembly, operation and end of life. The significance of the operational stage of a conventional building in terms issues such as energy use and environmental impact has previously been identified (Sartori & Hestnes, 2007) . To reduce this significance and increase the energy efficiency of buildings designers have become more focused on creating low-energy buildings. This is achieved by a number of methods, such as increasing the envelope air-tightness and improving the buildings' thermal efficiency with insulation.
Increasing the amount of materials which are energy and resource intensive in manufacture has an effect on the significance of the assembly stage in life cycle assessment. Life cycle assessments on low energy buildings have shown that they have a higher embodied energy than conventional buildings (Ramesh et al., 2010) . Sartori & Hestnes, (2007) reviewed 60 case studies examining the operational energy of low energy and conventional buildings and concluded that the trend of decreasing operational energy is accompanied with an increasing embodied energy. Overall the conventional buildings reviewed had an embodied energy in the range of 2 -38% of its life cycle energy whilst low-energy buildings had a higher embodied energy range of 9 -46% of its life cycle energy. It should be noted that the life cycle energy of low-energy buildings is much smaller than the life cycle energy of conventional buildings. These studies focus solely on life cycle energy, but it is important to note that the environmental impacts of a building extends beyond the embodied and operational energy with other burdens, such as resource and mineral extraction and fossil fuel use. considered the changing relevance of stages of LCA in their study of a low energy home and a conventional home in Northern Italy. They concluded that the operational stage accounted for 50% and 80% of life cycle energy use for the low energy home and the standard home respectively. In the context of environmental performance the low energy house outperformed the standard house in environmental indicator categories of ozone depletion potential, global warming potential and photochemical ozone creation potential. Previous life cycle assessments in the UK have focused on energy consumption and carbon emissions and are often not comparable lacking details and consistent boundaries as detailed in Monahan & Powell (2011) . Table 1 shows a range of the values specific to the UK, with Monahan & Powell (2011) and Hammond & Jones (2008) looking at embodied energy and carbon associated with the assembly stage whilst Hacker et al. (2008) and NHBC (2011) examining carbon for the assembly and operational stage. The end of life stage is often considered the most difficult in the LCA process with credible predictions regarding the future rate of recycling and reuse subject to change and are highly dependent on future recycling policy (Scheuer et al., 2003) . Review articles show that this stage is not included in most literature (Sartori & Hestnes, 2007 , Ramesh et al., 2010 .
Allocation of the environmental savings appears to be problematic; there is no common agreement on how energy gains from a demolished building may be allocated (Ramesh et al., 2010) . Previous LCA papers, which have included an end of life stage based on assumptions and predictions, have shown that the end of life stage accounts for minimal amounts of total life cycle energy (Scheuer, 2003; Junnilla et al., 2006) . however emphasise the importance of the end of life waste scenario, with recycling of construction waste reducing the amount sent to landfill and displacing the effect of the removal of virgin material. Whilst the author recognises the benefit of including such detailed observations it was not possible to gather the extensive detail required. A simplified approach was adopted;
where-in the end of life stage saw predictions of 70% of materials being reused / recycled on site and 30% being sent to landfill, a conservative split value based on current rates of recycling within the construction industry (WRAP, 2009).
DESCRIPTION OF CASE STUDIES
Retrofit house -Victorian house
A red brick solid wall three storey mid-terrace Victorian house was studied prior to and after retrofitting. The house is a typical example of the Victorian terraces that are common across the UK. An extension completed in 1985 was constructed of double leaf block walls, with a 75mm cavity and 25mm insulation. The house consists of three bedrooms, a bathroom, kitchen, living and dining room; further details are provided in Table 2 .
Whilst there are some UK guidelines and specifications for retrofitting practices provided by the Energy Saving Trust ( 
New build house
The new build reported case study is a semi-detached block of two houses achieving a B2
Building Energy Rating, the official energy assessment method of Ireland. Each house is an identical 2.5 storey four bedroom dwelling. The attic space conversion to a master bedroom, en-suite and dressing room, results in the optimal use of a house foot print that would typically be used for a three bedroom house. The building envelope consists of double leaf precast concrete walls with a 40mm cavity and 100mm high density insulation shot fixed to the inner leaf. Internal walls and the shared party walls were constructed of precast concrete panels. Floors are precast prestressed concrete units. All precast items were manufactured locally and were lifted by crane into place, with stainless steel brackets connecting and securing panels and flooring. This method of construction allows for rapid construction and produces very little construction waste onsite. A pitched timber roof was constructed and finished with vapour barrier, sarking felt, battens and concrete roofing tiles. Further details are provided in Table 2 . Guinée et al. 2002 , ILCD, 2010 were adhered to in this paper, with any deviations highlighted. Table 3 shows details of the functional unit and life span modelled for the study. Figure 3 shows the system boundaries used in the modelling process, with items outside the thick broken line excluded from modelling whereas items inside this line were included.
Whilst some of the excluded items would be of environmental significance, such as operational water use, operational waste production, waste transport and reprocessing of recyclable materials, these were neglected from the modelling process as primary data could not be gathered for both case studies. Including these items would have required a large number of assumptions to be applied to both case studies which would have eventually been negated with any comparison between the two buildings.
Figure 3 -System boundary included in study
The remaining items excluded from the system boundary were not part of the modelling process because it has been shown in previous literature that they have only a small environmental impact, as listed in Table 4 . 
Construction process impacts
No comprehensive primary data for both studies available. Scheuer et al., (2003) reviewing others estimated construction process was 1.2-10% of embodied energy. Kellenberger & Althaus (2009) concluded that it could be ignored. Thus given low relative impact of assembly stage it is felt that neglecting this is not significant. Scheuer et al., 2003; Kellenberger & Althaus, 2009 .
Material transportation from factory to site
Previous literature has shown that less than 1% of primary energy and environmental impacts are associated with the transport of materials. The retrofit electricity demand being offset by the PV with the surplus electricity, approximately 15kWh/m 2 /year, being fed into the electricity grid. The net environmental benefit of this renewable energy source is outside the system boundary of the project and is not included.
Life Cycle Impact Assessment
As outlined previously the ReCiPe Midpoint and Endpoint LCIA methods were used in the modelling process. For the ReCiPe Endpoint method the hierarchist perspective was selected with an average weighting set. Having used the average weighting factors the endpoint damage categories were aggregated to create single score that reflected the environmental impact of each stage on a point scale.
RESULTS AND DISCUSSIONS
The total results of the life cycle assessment showing the environmental performance of the retrofit and new build were examined using ReCiPe at midpoint and endpoint level. The New Build house is represented as NB whilst the Retrofit house is represented as R. The performance of both houses for the assembly and operational stage is also presented using the ReCiPe Endpoint method as it is easily interpreted. Furthermore, an examination of the relationship between the embodied and operational energies of the new build and retrofit house comparatively to the operational energy of the pre-retrofit house was conducted. These results are discussed in the following sections. Table 7 shows the percentage contribution that each stage to a single score environmental impact using the ReCiPe Endpoint life cycle impact assessment methods over life spans of 50 and 80 years.
Retrofit Vs new build
Environmental performance of complete life cycle -endpoint results
The operational stage of both case studies has the most significant environmental impact of the total life cycle, a finding which is in keeping with previous studies (Scheuer et al., 2003 , Ortiz et al., 2009 , Sartori & Hestnes, 2007 , Ramesh et al., 2010 . The breakdown of the scores into the three endpoint damage categories, viz., resources, 
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Environmental performance of complete life cycle -midpoint results
ReCiPe Midpoint in the hierarchist (H) -perspective was used to show direct environmental impacts of the total life cycle impact of the retrofit and new build house in terms of the functional unit, m 2 , over life spans of 50 and 80 years as per Table 8 . The retrofit performs better than the new build in all impact categories examined. Of particular current relevance is the climate change result expressed in terms of CO 2 eq , with the new build the source of almost four times the amount of CO 2 eq of the retrofit. Table 9 illustrates the breakdown of the total CO 2eq of the life cycle in the assembly, operational and disposal stages. The new build embodied energy and carbon is lower than in the previous studies as detailed in Table 1 due to European inventory processes used in the modelling and system boundaries excluding energy required in the construction process and transport, but are still close to previously reported ranges. 
Assembly stage
The contribution to the environmental single score of the each material is presented in Figure   5 for the retrofit and new build house. The impact is expressed in terms of the functional unit of the house area in m 2 . As the retrofit house uses the existing structure of the terraced house it requires fewer materials and therefore performs better in the analysis than the new build. A large quantity of insulation, with a resource and energy intensive manufacturing process, is required to achieve the high quality retrofit and is the largest proportion at 29% of assembly stage environmental damage. The insulation and concrete precast elements are the source of 18% and 43% of the environmental impact associated with the assembly stage of the new build house, an expected outcome due to the significant quantities used and the energy intensive nature of these products. The overall environmental impact associated with the construction of the new build exceeds that of the retrofit, but when these results are expressed in terms of the functional unit as per Figure 6 the extent of environmental damage associated with the new build is lessened, due to the larger floor area. However, overall the retrofit has marginally less associated damage than the new build. This may be attributable to the fact that the existing materials in the retrofit, the main structure, was not included in the modelling process, given that it would be very difficult to model accurately materials that were over 100 hundred years old. The new build was modelled in its entirety, thus having a higher quantity of materials causing more environmental damage. The energy or waste associated with the construction processes was also not within system boundaries. However, it should be noted that the construction time of the new build was significantly faster than that of the retrofit. The retrofit required the soft striping of the interior of the house, an invasive procedure that required the occupants to leave. As a trial demonstrator project in an emerging field, the retrofit served as a 'learning curve', which if replicated in the future could be improved on with different technologies and methods. This is also true of the new build, which has the potential to improve its energy efficiency by using different materials or more stringent construction details. The massive improvement on the energy performance from pre-retrofit to post-retrofit however clearly indicates the merits of action, as discussed later. The largest associated environmental impact for the operational stage as shown in Figure 7 is in the form of fossil fuels (included in the resources damage category) with high human health impacts directly related to burning of fossil fuels in the forms of respiratory organics / inorganics and climate change. The 'electricity, low voltage, production GB, at grid/GB' of the Ecoinvent database that was used to model the operational energy is based on the energy 0.
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Human health fuel mix of the UK in 2007. As can be seen from Table 10 , UK electricity generation is dominated by fossil fuels, with coal, oil and gas accounting for 77.63% of electricity production (European Commission, 2010) . The UK government White Paper on Energy (2007) indicates the government's commitment to securing energy supplies and reducing their environmental impacts by increasing the use of renewable and nuclear energy and decarbonising the existing energy mix. A recent study (Jones, 2011) considered the effect of the decarbonisation of the electricity mix with the greenhouse gas (GHG) intensity of electricity improving between now and 2050 and householders adopt some GHG mitigation techniques. A static projection that does not account for the improvement to electricity mix or consumer attitude results in an operational carbon 50% higher than a dynamic projection which does. To consider this further a country that already had high levels of renewable and nuclear power in 2007, when the electricity Ecoinvent database was compiled, was chosen.
Sweden as shown in Table 10 has a lower GHG intensity than the UK and was used to consider the differences between a static and dynamic scenario. There is a substantial decrease in resources category as would be expected given that only 2.22% of Sweden's electricity is generated by fossil fuels. However, the overall decrease in environmental impact from using the Swedish mix is accompanied by a doubling of the radiation impact category as included in the human health category, due to a higher nuclear power usage. Overall the decrease in environmental damage from changing the electricity generation mix is significant, with large environmental savings possible over a building's life span emphasising the importance of the decarbonisation of energy production as outlined in 
RETROFIT PERFORMANCE
Given the nature of the Retrofit for the Future Competition the pre and post-retrofit performances were compared with the new build performance. The embodied energy of the post-retrofit and new build were included as per Table 11 . The cumulative operational energy was per Table 12 with Figure 8 displaying the embodied and operational energy. 
CONCLUSIONS
Comparison of the new build house with the retrofitted house
The environmental effects of the operational stage of all case studies modelled far outweighed either the assembly or end of life stage. As such, it is felt that reducing the operational stage energy demand in so far as possible is a worthwhile endeavour. The results reported in this paper show the sensitivity of the retrofit house to the optimal level of refurbishment. Overall the results would favour the adoption of a high quality retrofitting scheme to remediate existing stock issues. It should be noted that the retrofit undertaken is of a very high quality and is an intrusive and laborious process. The re-use of the existing embodied energy in the retrofit building allows for the specification of high grades of insulation and other energy saving devices, such as the photovoltaic panels whilst still achieving a lower assembly stage impact than the new build. It must also be noted that the optimal operational level of the new build house must not be neglected. The new build house, though achieving a relatively good environmental performance rating, could potentially achieve a higher performance rating through a more focused low energy and embodied energy design. In terms of the energy consumption, 78 kWh/m 2 /year separates the retrofit and new build house, which if altered without significant changes to environmental impacts of the assembly or end of life stage could see the new build outperform the retrofit. Overall these are only two case studies and further case studies on new build and retrofit projects should be undertaken to understand further the influence of new materials and technologies on the overall energy and carbon performance of new and existing housing stock.
Benefits of retrofitting
The case studies reviewed in this paper reveals that retrofitting will considerably reduce the energy requirement of a house over its life time. The energy 'pay-back' period for retrofitting was shown to be around 4 years for the examples considered in this research. Given that the current housing stock is underperforming, immediate action would allow for optimal savings and go towards the required carbon reductions by 2050.
Significance of operational energy reductions
Given the long life spans of houses in the UK the operational energy requirements accumulate annually. As the current housing stock is currently underperforming with poor SAP ratings the effect of energy inefficiency is replicated across the UK with large energy losses translating to needless environmental impacts. Improving the condition of the housing affords a better quality of life for the occupants eradicating issues such as fuel poverty whilst also fulfilling the requirements of the Climate Change Act.
Importance of decarbonising the grid
The energy generation mix of the UK as modelled is heavily fossil fuel dependent. If the energy mix in the UK had larger renewable or nuclear constituents then the associated environmental impacts of the operational stage of both case studies would be significantly different with the potential for the assembly and end of life stage to increase in relative importance. The validity of the results presented in this paper would be affected by such a 
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